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TIME EFFICIENT ASL IMAGING WITH
SEGMENTED MULTIBAND ACQUISITION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application Ser. No. 62/102,789 filed Jan. 13, 2015, which

1s incorporated herein by reference in its entirety.

GOVERNMENT INTERESTS

This invention was made with government support under
P41EB015894 and UL1TR000114 awarded by the National
Institutes of Health. The government has certain rights 1n the
invention.

TECHNOLOGY FIELD

The present invention relates generally to methods, sys-
tems, and apparatuses for performing ASL 1maging using a
segmented multi-band acquisition technique to provide
higher spatial and temporal perfusion signal-to-ratio (SNR)
elliciencies across the whole brain compared to performing
either a single single-band or a single multi-band acquisition
individually. Using the techniques described herein, a multi-
band (MB)-EPI acquisition method can be applied for each
divided region of the brain with small MB factors.

BACKGROUND

Arterial spin labeling (ASL) perfusion imaging makes use
ol arterial blood water as an endogenous tracer to estimate
tissue perfusion and evaluate tissue wviability. The non-
invasive and non-contrast enhanced characteristics of ASL
imaging make 1t an attractive approach for both neurosci-
ence research and clinical applications. High-resolution
studies are desired 1n order to reduce partial volume eflects
on cerebral blood flow (CBF) quantification, increase the
ability to 1dentity small focal lesions and improve perfusion
quantification in small sub-cortical structures such as the
hippocampus.

Obtaining high-resolution ASL based perfusion measure-
ments 1s challenging due to the intrinsically low signal-to-
noise ratio (SNR) and increased acquisition times when
using standard acquisition strategies. Decreased perfusion
SNR for high-resolution 1imaging 1s a consequence of mul-
tiple factors including increased in-plane resolution,
increased through-plane resolution, and the need for more
slices to cover the same volume resulting 1n prolonged delay
times between labeling and signal acquisition during which
labeled spins experience longitudinal relaxation. The neces-
sity of increasing the number of label/control 1mage pairs for
suilicient perfusion SNR greatly increases the total imaging
acquisition time, thus limiting, if not prohibiting, the prac-
tice of acquiring high-resolution whole brain ASL perfusion
data. To overcome such challenges, diflerent strategies have
been previously proposed to increase perfusion SNR includ-
ing continuous arterial spin labeling (CASL), pulsed arterial
spin labeling (PASL), and pulsed- or pseudo-continuous
arterial spin labeling (pCASL).

Multi-band 1imaging, or simultaneous multi-slice imaging,
oflers another solution to reduce the total acquisition time of
high-resolution whole brain 1imaging with 2D echo planar
imaging (EPI), especially when increased spatial or tempo-
ral resolution 1s desired. Multi-band EPI (MB-EPI) uses
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excite multiple spatially distributed slices, where the super-
imposed signals acquired from the multiple slices are

unwrapped via anti-aliasing reconstruction. The simultane-
ous acquisition of multiple slices can greatly reduce total
imaging acquisition time for whole brain applications with
EPI, and particularly has the potential to improve whole
brain ASL perfusion studies where high im-plane and
through-plane resolution 1s desired, necessitating the use of
a large number of thin 1maging slices to achieve the desired
coverage.

Despite the general benefits of MB-EPI, SNR efliciencies
in the inferior brain region are comparable to that of pertfu-
sion 1maging using single-band (SB) EPI even when high
multi-band (MB) acceleration factors are used. The lack of
improvement 1n the inferior brain region with MB-EPI ASL
imaging results from the requirement for a sufliciently long
post-labeling delay (PLD) with whole brain ASL imaging. In
MB-EPI ASL whole brain imaging, imaging slices are
acquired 1n a spatially interleaved fashion. Therefore, to
allow labeled blood spins a suflicient time to travel down to
arterioles or the capillary bed and avoid intravascular arti-
facts 1n brain regions with the longest arterial transit times,
an adequately long PLD, such as 1.6 s, must be used. In
contrast, in whole brain SB-EPI ASL imaging, the ascending
slice acquisition order permits the use of a PLD, such as 1.1
s, shorter than that needed for MB-EPI while avoiding
potential intravascular artifacts as the arterial transit time
monotonically increases with each sequentially acquired
slice from 1inferior to superior. However, as the resolution
increases, the resulting delay time 1n the more superior
regions with SB-EPI 1s much longer than necessary to avoid
intravascular artifacts at great cost to spatial and temporal
perfusion SNR efliciency.

Accordingly, it 1s desired to create a technique, which can
take advantage of the small arterial transit time in the
inferior brain and use a short PLD for the acquisition of
inferior imaging slice as 1n a single-band EPI ASL imaging,
while applying a long PLD for the acquisition of the rest
slices covering the middle and superior brain region in order
to maximize ASL 1maging SNR ethiciency.

SUMMARY

Embodiments of the present invention address and over-
come one or more of the above shortcomings and draw-
backs, by providing methods, systems, and apparatuses
related to a technique for time eflicient ASL 1maging with
segmented multi-band acquisition (TEAISM). Briefly, TEA-
ISM combines two or more multi-band (MB) EPI acquisi-
tions to allow different regions of an anatomical region of
interest to be optimally 1maged within a single acquisition.

The two sets of slices can be efliciently acquired by a
segmented MB-EPI readout with one segment for the infe-
rior brain utilizing one MB factor and another segment for
the rest of brain region using another MB {factor. For
example, for brain 1maging, a SB EPI acquisition may be
performed for slices covering the inferior region of the brain,
while an MB EPI acquisition may be performed for slices
covering the middle and superior regions of the brain. The
combination of SB and MB FEPI acquisitions results 1n
higher spatial and temporal perfusion SNR efliciencies
across the whole brain compared to a single SB or MB
acquisition. Although the benefits of such a technique are
illustrated herein by using a SB-EPI for the inferior brain
region and an MB-EPI for the rest of the brain 1n an ASL
imaging with a 2.5%2.5x3.0 mm’ resolution, it is worth
noting that in an ASL imaging with even higher imaging
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resolution (e.g., as 2x2x2 mm’), an MB-EPI acquisition
(such as MB-EPI with an MB {factor 2) may be utilized to
shorten the total acquisition time for increased number of
inferior 1maging slices and therefore to finish the data
acquisition before the MB-EPI acquisition of the rest of the
brain at the optimal PLD (e.g., 1.6 s).

According to some embodiments of the present invention,
a method for generating a perfusion weighted 1mage using
arterial spin labeling with segmented acquisitions includes
dividing an anatomical area of interest into a plurality of
slices and performing an EPI acquisition process using an
MRI system to acquire a control 1mage dataset representa-
tive of the plurality of slices. An ASL preparation process 1s
performed, using the MRI system to magnetically label
protons 1n arterial blood water 1n an area upstream from the
anatomical area of interest. For example, where the ana-
tomical areca of interest 1s the brain, the upstream area
comprises neck vessels. The ASL preparation process may
be performed using, for example, a continuous labeling
technique, pseudo-continuous labeling technique, pulsed
labeling technique, or velocity-selective arterial spin label-
ing technique. Following a first post-labeling delay time
period, a multi-band EPI acquisition process 1s performed
using the MRI system to acquire a first labeled image dataset
representative ol a first subset of the plurality of slices.
Following a second post-labeling delay time period, another
multi-band EPI acquisition process 1s performed using the
MRI system to acquire a second labeled image dataset
representative of a second subset of the plurality of slices. A
perfusion weighted 1image of anatomical area of interest 1s
generated by subtracting the first labeled image dataset and
the second labeled 1image dataset from the control image
dataset.

In some embodiments, the method 1s repeated multiple
times to generate a plurality of perfusion weighted images of
an anatomical area of interest which are averaged to yield a
final perfusion weighted 1mage. A perfusion quantification
model may be applied to the final perfusion weighted image
to obtain a quantitative mapping of cerebral blood flow
(CBF) through tissue in the anatomical area of interest.

Various other additional enhancements, additions, or
modifications may be made to the atorementioned method in
different embodiments. For example, 1n some embodiments,
the method further comprises 1dentifying the first subset of
the plurality of slices based on one or more anatomical
teatures of the anatomical area of interest. In some of these
embodiments, the anatomical area of interest 1s a brain and
the one or more anatomical features i1dentily an inferior
region of the brain. In other embodiments, 1dentifying the
second subset of the plurality of slices 1s identified based on
one or more anatomical features of the anatomical area of
interest. In some of these embodiments, the anatomical area
of interest 1s a brain and the one or more anatomical features
identify at least one of a middle region of the brain or a
superior region of the brain.

According to other embodiments of the present invention,
a second method for performing arterial spin labeling with
segmented acquisitions includes using an MRI system to
magnetically label protons 1n arterial blood water 1in an area
upstream from an anatomical area of interest. Following a
first post-labeling delay time period, a multi-band EPI
acquisition process 1s performed using the MRI system to
acquire a first labeled 1mage dataset representative of a first
portion of the anatomical area of interest (an iniferior region
of the brain). Following a second post-labeling delay time
period, another multi-band EPI acquisition process 1s per-
tformed using the MRI system to acquire a second labeled
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4

image dataset representative of a second portion of the
anatomical area of interest (e.g., a middle and/or superior
region ol the brain).

In some embodiments of this second method, an 1mage 1s
generated using the first labeled 1mage dataset and the
second labeled 1image dataset. For example, 1n one embodi-
ment, an EPI acquisition process 1s performed using the MR
system to acquire a control 1mage dataset representative of
the anatomical area of interest. The image may be a diffusion
weighted 1mage generated by subtracting the first labeled
image dataset and the second labeled image dataset from a
corresponding control 1mage dataset. The method may be
repeated a plurality of times to generate multiple perfusion
welghted 1images of an anatomical area of interest which are
averaged to vyield a final perfusion weighted image. A
perfusion quantification model may be applied to the final
perfusion weighted 1image to obtain a quantitative mapping
of CBF through tissue 1n the anatomical area of interest.

According to other embodiments of the present invention,
a system for performing arterial spin labeling with seg-
mented acquisitions includes a magnetic field generator
comprising a plurality of coils and a central control com-
puter. The central control computer 1s configured to use the
plurality of coils to magnetically label protons in arterial
blood water 1in an area upstream from an anatomical area of
interest. Following a first post-labeling delay time period,
the central control computer uses the coils to acquire a first
labeled 1image dataset representative of a first portion of the
anatomical area of interest using a multi-band EPI acquisi-
tion process. Following a second post-labeling delay time
period, the central control computer uses the coils to acquire
a second labeled 1mage dataset representative of a second
portion of the anatomical area of interest using an additional
multi-band EPI acquisition process. In some embodiments,
the central control computer 1s further configured to use the
coils to acquire a control 1mage dataset representative the
anatomical area ol interest; and generate a perfusion
weighted 1image of anatomical area of interest by subtracting
the first labeled 1mage dataset and the second labeled image
dataset from the control image dataset.

Additional features and advantages of the invention will
be made apparent from the following detailed description of

illustrative embodiments that proceeds with reference to the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other aspects of the present invention
are best understood from the following detailed description
when read 1n connection with the accompanying drawings.
For the purpose of 1llustrating the invention, there 1s shown
in the drawings embodiments that are presently preferred, 1t
being understood, however, that the mnvention 1s not limited
to the specific instrumentalities disclosed. Included 1n the
drawings are the following Figures:

FIG. 1 shows a system for ordering acquisition of ire-
quency domain components representing magnetic reso-
nance 1mage data for storage in a k-space storage array, as
used by some embodiments of the present invention;

FIG. 2 presents sequence diagrams for high-resolution
whole brain pCASL 1maging using three diflerent acquisi-
tion strategies: SB, MB with factor 6, and TEAISM using
SB for inferior slices and MB with factor 4 for other slices:

FIG. 3A shows an MB acquisition with a MB factor of 6;

FIG. 3B shows a TEAISM acquisition, performed accord-
ing to some of the embodiments of the present invention;
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FIG. 4 provides two plots which show the measurements
of perfusion SNR efliciencies for high-resolution whole
brain pCASL 1maging using SB-EPI, MB-EPI with an MB
tactor 6, and TEAISM using SB-EPI for inferior 12 slices
and MB-EPI with an MB {factor 4 for rest 24 slices; and

FIG. 5 provides a flow chart illustrating how TEAISM
may be used to generate a perfusion weighted 1mage,
according to some embodiments.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The following disclosure describes the present mvention
according to several embodiments directed at methods,
systems, and apparatuses related to segmented multi-band
image acquisition. The disclosed acquisition strategy,
referred to herein as Time Eflicient ASL Imaging with
Segmented Multiband acquisition (TEAISM) divides imag-
ing slices ito a plurality of slice groups. Then, each group
of slices are acquired using a multi-band echo planar 1imag-
ing (MB-EPI) using a different PLLD. The MB-EPI acquisi-
tion may be performed using a multi-band (MB) factor (1.e.,
slice acceleration factor) smaller than the MB factor used 1n
whole brain acquisition when conventional MB-EPI tech-
niques are employed, and the single-band echo planar imag-
ing (SB-EPI) can be considered as the reduced form of
MB-EPI with an MB factor equal to 1. The techniques
described herein are explained with reference to their use 1n
Artenial Spin Labeling (ASL) imaging applications. In con-
trast to existing ASL acquisition techniques, the segmented
MB readouts described herein may be applied to image the
inferior, middle and superior brain region separately within
a single whole brain acquisition, instead requiring a single
MB readout. Additionally, TEAISM can provide extra ben-
efits for ASL 1maging by further boosting spatial and tem-
poral perfusion SNR etliciencies, reducing overall imaging,
time, and mimimizing leakage contamination levels which,
in turn, increases temporal SNR efliciency.

FIG. 1 shows a system 100 for ordering acquisition of
frequency domain components representing MRI data for
storage 1n a k-space storage array, as used by some embodi-
ments of the present invention. In system 100, magnetic
coils 12 create a static base magnetic field in the body of
patient 11 to be imaged and positioned on a table. Within the
magnet system are gradient coils 14 for producing position
dependent magnetic field gradients superimposed on the
static magnetic field. Gradient coils 14, in response to
gradient signals supplied thereto by a gradient and shim coil
control module 16, produce position dependent and
shimmed magnetic field gradients 1n three orthogonal direc-
tions and generates magnetic field pulse sequences. The
shimmed gradients compensate for inhomogeneity and vari-
ability 1n an MRI device magnetic field resulting from
patient anatomical variation and other sources. The mag-
netic field gradients 1include a slice-selection gradient mag-
netic field, a phase-encoding gradient magnetic field and a
readout gradient magnetic field that are applied to patient 11.

Further radio frequency (RF) module 20 provides RF
pulse signals to RF coi1l 18, which 1 response produces
magnetic field pulses which rotate the spins of the protons in
the 1maged body of the patient 11 by ninety degrees or by
one hundred and eighty degrees for so-called “spin echo”
imaging, or by angles less than or equal to 90 degrees for
so-called “gradient echo” 1maging. Gradient and shim coil
control module 16 in conjunction with RF module 20, as
directed by central control unit 26, control slice-selection,
phase-encoding, readout gradient magnetic fields, radio fre-
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6

quency transmission, and magnetic resonance signal detec-
tion, to acquire magnetic resonance signals representing
planar slices of patient 11.

In response to applied RF pulse signals, the RF coil 18
receives magnetic resonance signals, 1.e., signals from the
excited protons within the body. The magnetic resonance
signals are detected and processed by a detector within RF
module 20 and k-space component processor unit 34 to
provide a magnetic resonance dataset to an image data
processor for processing into an image. In some embodi-
ments, the 1image data processor 1s located 1n central control
unit 26. However, 1n other embodiments such as the one
depicted 1n FIG. 1, the image data processor 1s located 1n a
separate unit 27. Electrocardiogram (ECG) synchromization
signal generator 30 provides ECG signals used for pulse
sequence and imaging synchronization. A two or three
dimensional k-space storage array of individual data ele-
ments 1 k-space component processor unit 34 stores cor-
responding individual frequency components for a given
time step comprising a magnetic resonance dataset. The
k-space array of individual data elements has a designated
center and individual data elements individually have a
radius to the designated center.

A magnetic field generator (comprising coils 12, 14, and
18) generates a magnetic field for use 1n acquiring multiple
individual frequency components corresponding to indi-
vidual data elements in the storage array. The individual
frequency components are successively acquired 1n an order
in which radius of respective corresponding individual data
clements increases and decreases along a trajectory path
(e.g., a spiral path) as the multiple individual frequency
components are sequentially acquired during acquisition of
a magnetic resonance dataset representing a magnetic reso-
nance 1mage. A storage processor in the k-space component
processor unit 34 stores individual frequency components
acquired using the magnetic field in corresponding 1ndi-
vidual data elements 1n the array. The radius of respective
corresponding individual data elements alternately increases
and decreases as multiple sequential individual frequency
components are acquired. The magnetic field acquires ndi-
vidual frequency components 1n an order corresponding to a
sequence of substantially adjacent individual data elements
in the array and the magnetic field gradient change between
successively acquired frequency components 1s substantially
minimized.

Central confrol unit 26 uses information stored in an
internal database to process the detected magnetic resonance
signals 1n a coordinated manner to generate high quality
images of a selected slice(s) of the body (e.g., using the
image data processor) and adjusts other parameters of sys-
tem 100. The stored information comprises predetermined
pulse sequence and magnetic field gradient and strength data
as well as data indicating timing, orientation and spatial
volume of gradient magnetic fields to be applied 1n 1maging.
Generated 1mages are presented on display 40 of the opera-
tor interface. Computer 28 of the operator interface includes
a graphical user interface (GUI) enabling user interaction
with central control unit 26 and enables user modification of
magnetic resonance i1maging signals in substantially real
time. Continuing with reference to FIG. 1, display processor
37 processes the magnetic resonance signals to reconstruct
one or more immages for presentation on display 40, for
example. Various techniques generally known 1n the art may
be used for reconstruction. For example, 1n some embodi-
ments, an optimization algorithm 1s applied to iteratively
solve a cost function which results 1n the reconstructed
image.
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Using the TEAISM techniques described herein, the sys-
tem 100 shown in FIG. 1 may be used to perform an EPI
image acquisition which combines the benefits of conven-
tional SB and MB acquisitions. Briefly, acquisition of slices
covering a region ol interest 1s divided into two or more
separate acquisitions. This allows SB acquisition techmiques
to be targeted for certain areas of the anatomy, while MB
acquisition techniques may be used for other areas. Addi-
tionally, where MB 1s employed, a relatively low MB factor
may be used 1n comparison to conventional MB acquisition
techniques. The techniques described herein are explained
with reference to their use 1n ASL 1maging applications. In
contrast to existing ASL acquisition techniques, the seg-
mented MB readouts described herein may be applied to
image the inferior, middle and superior brain region sepa-
rately during a single whole brain acquisition, istead requir-
ing a single MB readout. Additionally, TEAISM can provide
extra benefits for ASL imaging by further boosting spatial
and temporal perfusion SNR efliciencies, reducing overall
imaging time, and minimizing leakage contamination levels
which, in turn, increases temporal SNR efliciency.

FIG. 2 presents example sequence diagrams 200 for
high-resolution whole brain pCASL 1maging using three
different acquisition strategies: SB, MB with factor 6, and
TEAISM using SB for inferior slices and MB with factor 4
for other slices, according to some embodiments. Initially,
cach acquisition strategy performs a preparation step during
which arterial blood water 1s magnetically “labeled” using
radio frequency (RF) pulses. After labeling, a post-labeling
delay (PLD) 1s introduced to allow magnetically-labeled
blood water to flow ito the microvasculature and tissue.
The three acquisition strategies differ in the length of the
PLD. For the SB case, the PLLD for the whole brain SB-EPI
pCASL 1maging 1s referred to as “SB-PLD.” This time may
be, for example, on the order of 1.1 s. For the MB acquisition
strategy, an MB factor of 6 1s used and the whole brain PLD
1s slightly longer (e.g., 1.6 seconds).

Continuing with reference to FIG. 2, the TEAISM acqui-
sition strategy combines the two acquisition strategies by
portioning the brain into SB and MB acquisitions, each with
a different PLD value. Thus, the inferior brain region can be
acquired by using SB-EPI with the PLD for whole brain
SB-EPI pCASL 1imaging. Slices 1n middle and superior brain
regions can be acquired by using a small MB factor (e.g., 4)
with the proper PLD used in whole brain acquisition using
a single MB-EPI acquisition with the proper MB-PLD {for
these brain regions.

The differences between the MB and TEAISM acquisition
strategy presented 1n FIG. 2 are further 1llustrated 1n FIGS.
3A and 3B. Specifically, FIG. 3A shows the MB acquisition
with an MB factor of 6. The image on the right shows that
s1x slices provide coverage over the entire brain region 305
uniformly. Conversely, 1n FIG. 3B the inferior brain region
310A 1s acquired using a SB-EPI acquisition. Then, the
middle and superior brain regions 310B are acquired with an
MB acquisition with an MB factor of 4.

FIG. 4 provides two plots 420 and 425 which illustrate the
measurements of perfusion SNR efliciencies for high-reso-
lution whole brain pCASL 1imaging using SB-EPI, MB-EPI
with an MB factor 6, and TEAISM using SB-EPI for inferior
12 slices and MB-EPI with an MB factor 4 for the remaining
24 slices. In the plots 420 and 425, the SB results are shown
in curves 415A and 415B, while the MB 6 results are shown
in plots 410A and 410B. The TEAISM results are presented
in curves 405A and 405B. These plots 420 and 425 show that
TEAISM provides signmificantly better SNR results than the
convention SB and MB techmiques.
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FIG. 5 provides a flow chart 500 illustrating how TEA-
ISM may be used to generate a perfusion-weighted 1mage,
according to some embodiments. As 1s understood 1n the art,
perfusion-weighted 1images provide a graphical depicting of
the perfusion of blood through tissue. Starting at step 305, an
ASL preparation process 1s performed by using the MRI
system to apply RF pulses to a region upstream from the area
being 1maged. For example, where the anatomical area of
interest 1s the brain the area upstream from the anatomical
area ol interest comprises neck vessels. The ASL preparation
process provides two types ol imaging preparations in an
interleaved fashion: control and labeling 1maging prepara-
tions. In control 1imaging preparation, the ASL preparation
module will not label upstream arterial blood, while 1n
labeling 1maging preparation, the upstream arterial blood
will be magnetically labeled. Next, at step 510, an anatomi-
cal area of interest 1s divided into a plurality of slices. The
exact number of slices may vary depending on the capabili-
ties of the MRI system hardware and the particular anatomy
being 1maged.

Continuing with reference to FIG. 3, following a first time
delay, a first labeled/control 1mage dataset 1s acquired at 515
using a MB-EPI acquisition process (or SB-EPI when the
MB factor equal to 1 1s used). This first labeled/control
image dataset corresponds to a subset of the plurality of

images. The particular subset acquired may be selected
based on features of the anatomical area of interest. For
example, for brain 1maging, these features may be associated
with the inferior region of the brain. Following a second
time delay, another MB-EPI acquisition process 1s applied at
step 520 to acquire a second labeled/control image dataset.
This second labeled/control 1image dataset comprise a sec-
ond subset of the plurality of slices (e.g., the remaining
slices that were not acquired at step 515). As with the slices
acquired at step 515, the slices acquired at step 520 may also
be i1dentified based on anatomical features (e.g., features
indicative of a middle and/or superior region of the brain).
Then, at step 525, the labeled 1image datasets are subtracted
from the control 1mage dataset to yield a pertusion-weighted
image.

The difference between the labeled and control 1mage
datasets may be small. Thus, to ensure that an adequate SNR
1s achieved, steps 505-525 may be repeated multiple times.
Then, at step 530, the perfusion-weighted 1images are aver-
aged to yield a final 1mage result. This final 1mage result
(and/or any of the intermediary perfusion weighted images)
may be displayed on a graphical user interface (GUI) for
presentation to a user. In some embodiments, a perfusion
quantification model i1s then applied to the final image to
obtain a quantitative mapping of cerebral blood flow (CBF)
through tissue i1n the anatomical area of interest. This
mapping may similarly be presented 1n the atorementioned
GUI

Compared to the use of a single MB-EPI acquisition for
whole brain imaging, the TEAISM approach can provide
extra benefits for ASL imaging by further boosting spatial
and temporal pertusion SNR efliciencies, therefore reducing
needed total imaging time and eliminating or further mini-
mizing leakage contamination levels and therefore increas-
ing temporal SNR efliciency as described 1n detail in the
following.

First, g-factor penalty 1s reduced over the whole brain. In
the inferior brain region, there will be no g-factor penalty
when SB-EPI 1s used for data acquisition or reduced g-factor
penalty when MB-EPI with a smaller MB {factor 1s
employed. Similarly, due to the use of smaller MB factor 1n
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the MB-EPI acquisition for slices covering the middle and
superior brain regions, g-factor penalty will be also reduced.

Secondly, imaging repetition time 1s maintained or further
reduced. Since the PLD for middle and superior brain
regions should be no less than 1.6 s (MB-PLD) to avoid

intravascular artifacts, data acquisition for inferior 1maging
slices with SB-EPI or MB-EPI with a smaller MB {factor

(e.g., 2) can be gracefully fimished during PLDs between
SB-PLD (1.1 s) to MB-PLD (1.6 s), resulting no time
penalty. Furthermore, even though a smaller MB factor (e.g.,
4) will be used for MB acquisition of slices 1n the middle and
superior brain regions, due to the reduced number of slices,
the repetition time can at least remain equal to that used in
whole brain imaging with a single MB acquisition.

Third, the level of total leakage contamination across the
brain may be minimized or avoided altogether. The use of
smaller MB factors for separate MB-EPI acquisitions of
inferior slices and the rest of slices will minimize leakage
contaminations across the whole brain. Particularly, when
SB-EPI 1s used for the acquisition of inferior slices, there
will be no leakage contamination at all. Minimized leakage
contamination will result in 1ncreased temporal SNR.

The overall net effect of these three benefits will be higher
spatial and temporal perfusion SNR efliciency across the
whole brain compared to a single MB-EPI or SB-EPI
acquisition method. Another potential benefit will be mini-
mized magnetization transfer (MT) eflects due to the
reduced number of simultaneously applied ofi-resonance RF

pulses experienced by each slice.
Although the TEAISM techniques are described herein

with a reference to using CASL, pCASL and PASL methods
in the brain, they are not limited as such. In general,
TEAISM may be applied to any imaging methods based on
ASL techmque including, for example, techniques based on
flow-sensitive alternating inversion recovery (FAIR) or
velocity-selective arterial spin labeling (VS-ASL). Addi-
tionally, TEAISM may be extended to newer imaging meth-
ods based on ASL principles including, without limitation,
digital subtraction angiography (DSA), time-resolved or 4D
angilography, vascular permeability by combining diffusion-
weighting for labeled arterial blood, cerebral blood volume
(CBV), and cerebral metabolic rate of oxygenation
(CMRO,). Although demonstrated 1n the brain and using the
MB-EPI as the readout, the described techniques may also
be applicable to other body reglons or organs (e.g., kidneys),
as well as other MB imaging readout methods, such as
multi-band gradient recalled echo (MB-GRE).

The embodiments of the present disclosure may be imple-
mented with any combination of hardware and software. In
addition, the embodiments of the present disclosure may be
included 1n an article of manufacture (e.g., one or more
computer program products) having, for example, computer-
readable, non-transitory media. The media has embodied
therein, for instance, computer readable program code for
providing and facilitating the mechanisms of the embodi-
ments of the present disclosure. The article of manufacture
can be included as part of a computer system or sold
separately.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of 1llustra-
tion and are not intended to be limiting, with the true scope
and spirit being indicated by the following claims.

An executable application, as used herein, comprises code
or machine readable instructions for conditioning the pro-
cessor to implement predetermined functions, such as those
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ol an operating system, a context data acquisition system or
other information processing system, for example, 1n
response to user command or mput. An executable proce-
dure 1s a segment ol code or machine readable 1nstruction,
sub-routine, or other distinct section of code or portion of an
executable application for performing one or more particular
processes. These processes may include receiving input data
and/or parameters, performing operations on received nput
data and/or performing functions in response to received
input parameters, and providing resulting output data and/or
parameters.

A graphical user interface (GUI), as used herein, com-
prises one or more display images, generated by a display
processor and enabling user interaction with a processor or
other device and associated data acquisition and processing
functions. The GUI also 1includes an executable procedure or
executable application. The executable procedure or execut-
able application conditions the display processor to generate
signals representing the GUI display images. These signals
are supplied to a display device which displays the image for
viewing by the user. The processor, under control of an
executable procedure or executable application, manipulates
the GUI display images 1n response to signals received from
the input devices. In this way, the user may interact with the
display 1mage using the mput devices, enabling user inter-
action with the processor or other device.

The functions and process steps herein may be performed
automatically or wholly or partially 1n response to user
command. An activity (including a step) performed auto-
matically 1s performed 1n response to one or more execut-
able istructions or device operation without user direct
initiation of the activity.

In the present application, the terms “include” and “com-
prise,” as well as derivatives thereof, mean inclusion without
limitation; the term “or” 1s inclusive, meaning and/or; the
phrases “associated with” and “associated therewith,” as

well as dertvatives thereof, may mean to include, be
included within, interconnect with, contain, be contained
within, connect to or with, couple to or with, be communi-
cable with, cooperate with, interleave, juxtapose, be proxi-
mate to, be bound to or with, have, have a property of, or the
like.

The system and processes of the figures are not exclusive.
Other systems, processes and menus may be derived 1n
accordance with the principles of the invention to accom-
plish the same objectives. Although this mnvention has been
described with reference to particular embodiments, 1t 1s to
be understood that the embodiments and variations shown
and described herein are for illustration purposes only.
Modifications to the current design may be implemented by
those skilled 1n the art, without departing from the scope of
the mvention. As described herein, the various systems,
subsystems, agents, managers and processes can be imple-
mented using hardware components, soltware components,
and/or combinations thereol No claim element herein 1s to
be construed under the provisions of 55 U.S.C. 112, sixth
paragraph, unless the element 1s expressly recited using the
phrase “means for.”

We claim:

1. A method for generating a perfusion weighted 1mage
using arterial spin labeling (ASL) with segmented acquisi-
tions, the method comprising:

dividing an anatomical area of interest into a plurality of

slices:
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performing an echo planar imaging (EPI) acquisition
process using a magnetic resonance imaging (MRI)
system to acquire a control image dataset representative
of the plurality of slices;

performing an ASL preparation process, using the MRI

system to magnetically label protons in arterial blood
water 1n an area upstream irom the anatomical area of
interest;
following a first post-labeling delay time period, perform-
ing a multi-band (MB) EPI acquisition process with a
first MB factor using the MRI system to acquire a {irst
labeled 1image dataset representative of a first subset of
the plurality of slices;
following a second post-labeling delay time period, per-
forming another MB EPI acquisition process with a
second MB factor using the MRI system to acquire a
second labeled 1mage dataset representative of a second
subset of the plurality of slices, wherein the second MB
factor 1s higher than the first MB factor; and

generating a perfusion weighted image of anatomical area
ol interest by subtracting the first labeled 1mage dataset
and the second labeled 1image dataset from the control
image dataset.

2. The method of claim 1, further comprising;:

identifying the first subset of the plurality of slices based

on one or more anatomical features of the anatomical
area ol 1nterest.

3. The method of claim 2, wherein the anatomical area of
interest 1s a brain and the one or more anatomical features
identify an inferior region of the brain.

4. The method of claim 1, further comprising:

identifying the second subset of the plurality of slices

based on one or more anatomical features of the
anatomical area of interest.

5. The method of claim 4, wherein the anatomical area of
interest 1s a brain and the one or more anatomical features
identify at least one of a middle region of the brain or a
superior region of the brain.

6. The method of claim 1, wherein the anatomical area of
interest 1s a brain and the area upstream from the anatomaical
area ol interest comprises neck vessels.

7. The method of claim 1, wherein the method 1s repeated
a plurality of times to generate a plurality of perfusion
welghted 1mages of anatomical area of interest which are
averaged to yield a final perfusion weighted image.

8. The method of claim 7, further comprising:

applying a pertusion quantification model to the final

perfusion weighted 1mage to obtain a quantitative map-
ping of cerebral blood flow (CBF) through tissue in the
anatomical area of interest.

9. The method of claim 1, wherein the ASL preparation
process 1s performed using a continuous labeling technique
or a pseudo-continuous labeling technique.

10. The method of claim 1, wherein the ASL preparation
process 1s performed using a pulsed labeling technique.

11. The method of claim 1, wherein the ASL preparation
process 1s performed using a velocity-selective arterial spin
labeling technique.

12. A method for performing arterial spin labeling with
segmented acquisitions, the method comprising:

using a magnetic resonance 1maging (MRI) system to

magnetically label protons 1n arterial blood water 1n an
arca upstream from an anatomical area of interest;
following a first post-labeling delay time period, perform-
ing a multi-band (MB) echo planar imaging (EPI)
acquisition process with a first MB {factor using the
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MRI system to acquire a first labeled 1image dataset
representative of a first portion of the anatomical area
of interest; and

following a second post-labeling delay time period, per-

forming another MB EPI acquisition process with a
second MB factor using the MRI system to acquire a
second labeled 1mage dataset representative of a second
portion of the anatomical area of interest, wherein the
second MB factor i1s higher than the first MB factor.

13. The method of claim 12, wherein the anatomical area
of interest 1s a brain and the first portion of the anatomical
area ol interest corresponds to an inferior region of the brain.

14. The method of claim 13, wherein the second portion
of the anatomical area of interest corresponds to at least one
of a middle or superior region of the brain.

15. The method of claim 12, wherein the anatomical area
of interest 1s a bramn and the area upstream Irom the
anatomical area of interest comprises neck vessels.

16. The method of claim 12, further comprising:

generating an 1image using the first labeled 1image dataset

and the second labeled 1image dataset.

17. The method of claim 16, further comprising:

performing an EPI acquisition process using the MRI

system to acquire a control image dataset representative
of the anatomical area of interest,

wherein the 1image 1s a diffusion weighted 1image gener-

ated by subtracting the first labeled 1image dataset and
the second labeled 1mage dataset from a corresponding

control 1image dataset.

18. The method of claim 17, wherein the method 1s
repeated a plurality of times to generate a plurality of
perfusion weighted 1images of anatomical area of interest
which are averaged to yield a final perfusion weighted
image.

19. The method of claim 18, further comprising:

applying a perfusion quantification model to the final

perfusion weighted 1mage to obtain a quantitative map-
ping of cerebral blood tflow (CBF) through tissue in the
anatomical area of interest.

20. A system for performing arterial spin labeling with
segmented acquisitions, the system comprising:

a magnetic field generator comprising plurality of coils;

a central control computer configured to use the plurality

of coils to:

magnetically label protons in arterial blood water in an
area upstream from an anatomical area of interest,

following a first post-labeling delay time period,
acquire a first labeled image dataset representative of
a first portion of the anatomical area of interest using
a multi-band (MB) echo planar imaging (EPI) acqui-
sition process with a first MB factor, and

following a second post-labeling delay time period,
acquire a second labeled image dataset representa-
tive of a second portion of the anatomical area of
interest using an additional MB EPI acquisition
process with a second MB factor, wherein the second
MB factor 1s higher than the first MB factor.

21. The system of claim 20, wherein the central control
computer 1s further configured to use the plurality of coils to:

acquire a control 1mage dataset representative of the

anatomical area of interest; and

generate a perfusion weighted image of anatomical area

of 1nterest by subtracting the first labeled 1mage dataset
and the second labeled 1mage dataset from the control
image dataset.
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